Tepidimonas ignava gen. nov., sp. nov., a new chemolithoheterotrophic and slightly thermophilic member of the β-Proteobacteria 
INTRODUCTION
The deeply branching lines of descent within the domain Bacteria are, in contrast to the most recent lineages, primarily composed of thermophilic species. Thus far, the phylum Aquifex-Hydrogenobacter, and the order Thermotogales, for example, contain hyperthermophilic, thermophilic and slightly thermophilic species. Many of the species of the green non-sulfur bacteria and of the Deinococcus-Thermus phyla are also thermophilic. On the other hand, the vast majority of the species belonging to the most recent lines of descent, such as the Proteobacteria, are mesophilic. There are, of course, exceptions and slightly thermophilic, moderately thermophilic and even extremely Abbreviations : FAME, fatty acid methyl ester ; GYM, glutamine/yeast extract medium.
The EMBL accession number for the 16S rRNA sequence of Tepidimonas ignava strain SPS-1037 T is AF177943. thermophilic species have been described from these bacterial lineages. The β-subclass of the Proteobacteria, for example, includes many mesophilic species, but it also includes a few slightly thermophilic species, namely Thiomonas thermosulfata (Shooner et al., 1996 ; Moreira & Amils, 1997) , and the thermophilic species Thermothrix thiopara (Caldwell et al., 1976) and Thermothrix azorensis (Odintsova et al., 1996) . Many β-Proteobacteria oxidize inorganic sulfur compounds and it may not come as a surprise that the thermophilic species of this subclass also share this characteristic. Nevertheless, strict chemo-organotrophs, capable of growth at high temperatures, have not yet been described within the β-Proteobacteria. The species of the genus Thermothrix are obligately or facultatively chemolithoautotrophic, while the species of the genus Thiomonas are facultative chemolithoautotrophs. The species of these genera are not closely related to each other, and there may be no relationship between sulfur chemolithotrophy and the ability of organisms to grow at high temperatures.
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We recently isolated one slightly thermophilic organism from the hot spring runoff at Sa4 o Pedro do Sul on a medium composed of a mixture of Thermus medium and Kligler's iron agar. The organism is aerobic and chemolithoheterotrophic with an optimum growth temperature of about 55 mC. Phylogenetic analysis showed that the strain belonged to the β-Proteobacteria, but was unrelated to any of the known genera. On the basis of these results and of the biochemical, physiological and chemotaxonomic characteristics we propose that strain SPS-1037 T represents a new genus and species which we name Tepidimonas ignava.
METHODS
Isolation and bacterial strains. Strain SPS-1037 T was isolated from an artificial runoff of the hot spring located near Sa4 o Pedro do Sul in central Portugal. Water samples were transported without temperature control and filtered the same day through membrane filters (Gelman type GN-6, pore size 0n45 µm, diameter 47 mm) ; the filters were placed on the surface of a solid medium composed of four parts Thermus medium (Williams & da Costa, 1992 ) and one part of Kligler's iron agar (Difco). These preparations were wrapped in plastic bags and incubated at 60 mC for up to 4 d. Cultures were purified by subculturing on medium 162 (Degryse et al., 1978) containing 2n5 g tryptone l − " and 2n5 g yeast extract l − " and were stored at k70 mC in the same medium with 15 % (w\v) glycerol. Bosea thiooxidans (DSM 9653 T ) and Thiobacillus tepidarius (DSM 3134 T ) were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany and used as controls for the utilization of reduced sulfur compounds by strain SPS-1037 T .
Morphological, biochemical and tolerance characteristics.
Electron microscopy was performed on exponential phase cultures. Cells were fixed with aqueous 4 % paraformaldehyde, 1n25 % glutaraldehyde and 10 mM calcium chloride fixative at room temperature. The cells were washed after 4 h with 50 mM cacodylate buffer supplemented with 10 mM calcium chloride (pH 6n4) and fixed at room temperature for 2 h with osmium tetroxide in veranol acetate buffer containing 10 mM calcium chloride (Silva & Macedo, 1983 . The samples were embedded in Epon after dehydration in ethanol. The sections were routinely contrasted with uranyl acetate followed by lead citrate. Observations and micrographs were performed with a Zeiss EM10C electron microscope. Cells dimensions and motility were determined by phase-contrast microscopy. The number and the position of flagella were visualized by light microscopy after staining of the cells with the Ryu stain (Heimbrook et al., 1989) .
Unless otherwise stated, all biochemical and tolerance tests were performed as described previously (Santos et al., 1989 , Nunes et al., 1992 Single-carbon-source assimilation tests were performed in a minimal medium composed of Degryse 162 basal salts containing a filter-sterilized vitamin\amino acid solution (Sharp & Williams, 1988) , ammonium sulfate (0n5 g l − ") and the carbon sources (2n0 g l − "). Growth was examined daily by measuring the turbidity of cultures incubated at 55 mC in 20 ml screw-capped tubes containing 10 ml medium for a total of 7 d. Positive and negative control cultures were grown in medium 162 and in minimal medium without carbon source.
Growth on reduced sulfur compounds. Strain SPS-1037 T was grown in glutamate\yeast extract medium (GYM) previously used for the growth of Bosea thiooxidans (Das et al., 1996) , containing 2n5 g succinate l − " and the vitamin\amino acid solution of Sharp & Williams (1988) , and medium 69 (Deutsche Sammlung von Mikroorganismen und Zellkulturen, 1993) containing 1 g yeast extract l − ". Thiosulfate was added to each of these media at concentrations that varied between 0n5 and 5n0 g l − ". Bosea thiooxidans was cultivated at 30 mC and strain SPS-1037 T was cultivated at 55 mC. At appropriate intervals, the turbidity of the cultures was determined and the cells were harvested by filtration through Gelman type GN-6 membrane filters. The levels of thiosulfate and sulfate in the filtrates were determined using the methods described by Westley (1987) and So$ rbo (1987) , respectively.
Polar lipid, lipoquinone and fatty acid composition. The cultures used for polar lipid and lipoquinone analyses were grown on Degryse 162 medium at 55 mC until the exponential phase of growth. The cells were removed from the surface of the Petri dishes and the extraction of lipids was performed as described previously (Prado et al., 1988) . The individual polar lipids were separated by mono-dimensional TLC on silica gel G plates (Merck ; 0n25 mm thickness) with a solvent system consisting of chloroform\methanol\acetic acid\ water (80 : 12 : 15 : 4, by vol.).
Lipoquinones were extracted from freeze-dried cells and purified by TLC as described by Tindall (1989) . They were separated with a Gilson HPLC apparatus by using a reversephase column (RP18, Spherisorb, S5 ODS2) with methanol\ heptane (10 : 2, v\v) as the mobile phase and were detected at 269 nm.
Cultures for fatty acid analysis were grown on Degryse 162 agar plates in sealed plastic bags submerged in a water bath at 55 mC for 24 h. Fatty acid methyl esters (FAMEs) were obtained from fresh wet biomass by saponification, methylation and extraction as described by Kuykendall (1988) . The FAMEs were separated using a Hewlett Packard model 5890 gas chromatograph equipped with a flameionization detector fitted with a 5 % phenylmethyl silicone capillary column (0n2 mmi25 m ; Hewlett Packard). The carrier gas was high purity H # , the column head pressure was 60 KPa, the septum purge was 5 ml min − ", the column split ratio was 55 : 1 and the injection port temperature was 300 mC. The temperature of the oven was programmed from 170-270 mC at a rate of 5 mC min − ". Identification and quantification of the FAMEs, as well as the numerical analysis of the fatty acid profiles, were performed by using Tepidimonas ignava gen. nov., sp. nov. Determination of GjC content of DNA and 16S rRNA gene sequence, and phylogenetic analysis. DNA was isolated as described by Cashion et al. (1977) . The GjC content of DNA was determined by HPLC as described by Mesbah et al. (1989) .
Extraction of genomic DNA for 16S rRNA gene sequence determination, PCR amplification of the 16S rRNA gene and sequencing of the purified PCR products was carried out as described previously (Rainey et al., 1996) . Purified sequencing-reaction products were electrophoresed using a model 310 Genetic Analyzer (Applied Biosystems). The 16S rRNA gene sequence obtained in this study was aligned against the previously determined β-Proteobacteria sequences available from the public databases using the ae2 editor (Maidak et al., 1999) . The method of Jukes & Cantor (1969) was used to calculate evolutionary distances. Phylogenetic dendrograms were generated using various treeing algorithms contained in the  package (Felsenstein, 1993 
RESULTS

Isolation, morphological and biochemical characteristics of strain SPS-1037
T Different proportions of Kligler's iron agar, a medium generally used for the differentiation of enteric bacteria based on fermentation of dextrose and lactose, and production of hydrogen sulfide, were added to Thermus medium to make the latter more selective. One Gram-negative organism was isolated, among several colonies of spore-forming bacteria after incubation of a 4 : 1 mixture of Thermus\Kligler's iron agar. Higher proportions of Kligler's iron agar led to the isolation of spore-forming bacteria alone or did not lead to the isolation of any organisms after 4 d incubation at 60 mC. The temperature of the site at Sa4 o Pedro do Sul from which the organism was recovered was 58 mC and the pH was 8n4. Two further attempts to isolate this organism on the same medium from the same site failed.
Strain SPS-1037 T formed very short, Gram-negative, rod-shaped cells and possessed one polar flagellum. Colonies were non-pigmented and translucent. Strain SPS-1037 T had an envelope composed of an outer membrane with a triple-layer structure and a very thin peptydoglycan layer visible between the cytoplasmic membrane and the outer membrane (Fig. 1) . Polyphosphate inclusions were also visible in the electron micrographs.
The optimum growth temperature of strain SPS-1037 T in Degryse medium 162 was between 50 and 55 mC, with a maximum growth temperature of between 60 and 65 mC (Fig. 2) . The optimum pH for growth was about pH 7n5-8n5. Strain SPS-1037 T was strictly aerobic and did not reduce nitrate or nitrite under anaerobic conditions. Yeast extract or a vitamin\ amino acid solution was required for growth on single carbon sources. With the exception of hide powder azure, proteins were not degraded, but urease was present. One of the most interesting characteristics of this organism was its inability to utilize any of the hexoses, pentoses, disaccharides or polyols tested. In 
fact, strain SPS-1037 T was able to grow only on amino acids and organic acids ( Table 1 ). The GjC content of the DNA was 69n7 mol%.
Initial observations indicated that strain SPS-1037 T produced sulfate from thiosulfate and tetrathionite, but not from cysteine or thioglycolate. To investigate the role of thiosulfate as an electron donor we used Bosea thiooxidans and Thiobacillus tepidarius, known to be chemolithoheterotrophic or facultatively chemolithoautotrophic on reduced sulfur compounds, respectively, as controls. In contrast to Thiobacillus tepidarius, strain SPS-1037 T was incapable of growth on mineral medium containing thiosulfate, supplemented with yeast extract (100 mg l −" ), or without yeast extract, added as a source of growth factors. The addition of thiosulfate (1n0 g and 5n0 g l −" ) to medium 69 containing 1 g yeast extract l −" lead to an increase in the biomass of strain SPS-1037 T indicating that thiosulfate was used as an energy source in the presence of organic substrates (Table 2 ). In contrast to Bosea thiooxidans (Das et al., 1996) , an increase in the final biomass of strain SPS-1037 T was not observed in GYM containing 2n5 g succinate l −" to which thiosulfate was added. The determination of the levels of sulfate and thiosulfate in the medium during growth of strain SPS-1037 T indicated that thiosulfate was oxidized to sulfate.
Polar lipid, respiratory quinone and fatty acid composition
The polar lipid pattern on TLC revealed the presence of phosphatidylethanolamine and phosphatidylglycerol among other minor phospholipids (Fig. 3) . The same pattern was found in other β-Proteobacteria examined during this study, namely the type strains of Delftia acidovorans (DSM 39 T ), Burkholderia cepacia (DSM 7288 T ) and Chromobacterium violaceum (DSM 30191 T ). The major respiratory lipoquinone was ubiquinone 8. The fatty acid composition was fairly simple and was dominated by 16 : 0 (35 %) and 17 : 0 (18 %), but unsaturated fatty acids were present in large relative proportions at the optimum growth temperature (Table 3 ).
Phylogenetic analysis : gene sequence comparison
An almost complete 16S rRNA gene sequence of 1493 nt in length was determined for the new isolate strain SPS-1037 T . Phylogenetic analyses based on a data set comprising 1096 unambiguous nucleotides between positions 38 and 1400 [Escherichia coli positions (Brosius et al., 1978) ] showed the new isolate to cluster within the radiation of the β-subclass of the Proteobacteria (Fig. 4) . Pairwise 16S rRNA gene sequence comparisons with representatives of validly described taxa within the β-subclass of the Proteobacteria gave similarity values in the range 86n9 to 93n4 %. The highest 16S rRNA gene sequence similarity value between the sequence of strain SPS-1037 T and 16S rRNA gene sequences available in the public databases was found to strain ac-15 at 96n6 % when 1369 positions were directly compared. The 16S rRNA gene sequence of strain SPS-1037 T was compared to the partial sequences of other known thermophiles within the β-subclass of the Proteobacteria. Although these reference sequences were as short as 142 nt, values of "85 % similarity were obtained for the comparisons to Thermothrix azorensis (U59127), Thermothrix thiopara (U61284) and Thiomonas cuprina (U67162). 
DISCUSSION
Many thermophilic species were initially isolated on media containing low concentrations of yeast extract and tryptone, but the repeated use of these media generally results in the isolation of organisms that are already known. Aerobic spore-formers and species of the genera Thermus and Meiothermus had been isolated before from the hot spring at Sa4 o Pedro do Sul on yeast extract\tryptone media (Santos et al., 1989 ; Nobre et al., 1996) . γ-Irradiation of samples resulted in the isolation of bacteria of the genera Deinococcus and Rubrobacter from the same site (Ferreira et al., 1997 (Ferreira et al., , 1999 . Recently, we began using media normally recommended for other purposes in an attempt to isolate different aerobic thermophilic bacteria from this hot spring. Strain SPS-1037 T was isolated on a medium composed of a mixture of Thermus\Kligler's iron agar but several attempts to recover other isolates from the same site failed, so the isolation of this organism may have been fortuitous. Phylogenetic analysis of strain SPS-1037 T shows that this organism and a strain isolated several years ago, designated ac-15 (Nold et al., 1996) , from Octopus Spring in Yellowstone National Park, cluster together within the β-Proteobacteria (Fig. 4) . These two strains share low ( 94n0 %) 16S rRNA gene sequence similarity with any of the previously described taxa within the β-subclass of the Proteobacteria and can therefore be considered to represent a lineage of genus status within this group. 16S rRNA gene sequence similarity values "85 % excluded strains SPS-1037 T and ac-15 from membership of the genera with previously described thermophilic species within the β-subclass of the Proteobacteria, namely Thermothrix and Thiomonas. Tepidimonas ignava gen. nov., sp. nov.
described and so are not available for comparison with those of strain SPS-1037 T , its nearest known relative. With a 16S rRNA gene sequence difference of "3% these two strains could represent distinct species of a novel genus. Although both strains represent a distinct lineage within the β-Proteobacteria, and strain SPS-1037 T has a high temperature range for growth compared to many species of this subclass, it resembles, in many respects, other mesophilic species of the β-Proteobacteria. The fatty acid composition, the lipoquinones and the polar lipid pattern are typical of the β-Proteobacteria. This organism does not grow on any of the sugars or polyols tested and does not appear to have a functional glycolytic pathway for the breakdown of sugars into pyruvate. The inability to grow on carbohydrates is known in the β-Proteobacteria, such as in species of the genera Delftia and Thiomonas (Moreira & Amils, 1997) ; however, the reason for the inability to utilize carbohydrates is, to our knowledge, not known. Like many other β-Proteobacteria, strain SPS-1037 T is able to obtain utilizable energy from the oxidation of sulfur compounds in the presence of utilizable organic carbon sources, but the organism does not appear to be chemolithoautotrophic under the conditions examined. The abundance of species of β-Proteobacteria that carry out sulfur oxidation of one type or another has lead to the hypothesis that it represents an ancient property of these bacteria (Moreira & Amils, 1997 
